To enhance denitrification performance of soil infiltration, a soil infiltration system incorporated with heterotrophic denitrification (TSISHD) for urban runoff treatment was developed. Sawdust and grass powders were added in the anaerobic stage (ANS) to provide organic carbon sources for the denitrification process, and the reduction environment was improved by iron addition in the ANS.
INTRODUCTION
The quantity of impervious surfaces such as building roofs, roads, driveways, and parking lots increases during land development and urbanization. These surfaces prevent stormwater from following its natural route into and through the soil. The quality of the runoff also declines as more pollutants from the impervious surfaces are carried directly into storm drainage systems and eventually into neighboring streams, resulting in eutrophication (Zhang et However, there is currently great demand to use collected rainwater for drinking and other purposes in areas subject to water shortage.
To date, conventional methods for the treatment of urban runoff have included wetlands and ponds, as well as physical separation techniques such as filtration and screening devices. However, the application of wetlands and ponds is not feasible in many urban areas because they require large spaces for installation. Accordingly, there is an increasing need to develop ecologically viable and safe small-scale urban runoff treatment technologies for onsite treatment of urban runoff. Infiltration systems have the potential to replenish groundwater by enabling urban runoff to return to aquifers (Murakami et al. ) . In addition, urban runoff seepage water from such systems can be reused (Tota-Maharaj & Scholz ; Hou et al. ) . Multilayer infiltration systems comprising natural materials effectively remove most pollutants, including organic matter (chemical oxygen demand (COD Cr )), total nitrogen (TN), ammonia-nitrogen (NH þ 4 -N), and total phosphorus (TP) with reductions of 68.67%, 23.98%, 82.66%, and 92.11% of COD Cr , TN, NH þ However, systems that use natural soil as filter media are subject to clogging (Pozo-Morales et al. ).
The multi-soil-layering (MSL) system, which fills pores around the soil using large particle materials such as sand and zeolite to create a filter layer, was developed to maintain relatively high removal efficiency and avoid clogging (Watatsuki et al. ) . When compared with traditional soil infiltration methods, the MSL has a remarkably longer service life and removal efficiencies, with reductions of 80%, 75%, and 95% of TP, TN, and biochemical oxygen demand Therefore, in this study, laboratory-scale two-stage soil infiltration systems incorporated with heterotrophic denitrification (TSISHDs) were developed by integrating an AES with an ANS, which allowed polluted urban runoff to flow directly into the heterotrophic denitrification stage without pumping, reducing space and energy costs. To evaluate the performance of organic carbon addition and artificial aeration modes in the TSISHDs, the removals of COD, NO À 3 -N, NO À 3 -N, and TP in both the aerobic and ANS were investigated using synthetic urban runoff, and the denitrification mechanism was analyzed in the TSISHD. In addition, the water quality of the TSISHD effluent was com- Table 2 ). The runoff influent was obtained as follows: pharmaceutical influent was prepared in the laboratory, after which 28.8 L of influent solution containing 6.75 g of dextrose (C 6 H 12 O 6 ), 2.2012 g of ammonium chloride (NH 4 Cl), 0.8743 g of sodium nitrite (NaNO 2 ), and 0.1845 g of potassium dihydrogen phosphate (AR, Sinopharm Chemical Reagent Co., Shanghai, China) in tap water (16-25 W C) was added to each column for every experimental cycle. The concentrations of COD, NH þ 4 -N, NO À 2 N, and TP in the synthetic runoff water were 156.00-344.00 mg L À1 , 2.25-7.19 mg L À1 , 5.98-6.44 mg L À1 , and 0.74-3.56 mg L À1 , respectively. The pH in the synthetic runoff remained constant over the course of the experiment and was slightly alkaline for all treatments.
MATERIALS AND METHODS

Urban runoff characterization
Experimental apparatus
As shown in Figure 1 , the TSISHD system mainly consisted of three replicate reactors, three aeration pumps, and a synthetic water reservoir to avoid the uncertainty. Each system was divided into two sections, an aerobic column and an anaerobic column, to improve the nitrogen removal efficiency.
Two polyvinyl chloride reactors with dimensions of 30 cm (L) × 20 cm (W) × 50 cm (H) were separated into an AES for heterotrophic nitrification and an ANS for heterotrophic denitrification. The two reactor columns were connected with sealed pipes. The AES column was independent of the ANS column to ensure the growth of nitrifying and denitrifying bacteria, as well as to avoid the mutual effects of the AES and ANS.
The AES, which contained quartz sands (grain diam- 
Analytical methodology
Analytical reagents were used to prepare standards and stock solution (Sinopharm Chemical Reagent Co., China). The COD was digested with potassium dichromate using a 5B-1F Speed Digester (Lianhua Tech Co., Beijing, China) at 150 W C for 10 min and then determined by ultraviolet spectrophotometry at 610 nm. NH þ 4 -N was measured by Nessler's reagent colorimetry based on the absorbance at 420 nm. TP was measured by molybdate colorimetry based on the absorbance at 700 nm. All spectrophotometric analyses were conducted using a Hach DR6000 spectrophotometer (Loveland, CO, USA). NO 3 -N and NO À 2 -N were analyzed using a Dionex ICS-2500 ion chromatograph (Dionex Corporation, Sunnyvale, CA, USA). Water temperature and pH were monitored using a FE30 Benchtop Meter (Mettler Toledo Co., Toledo, OH, USA).
After cleaning and drying, the sawdust and grass powder samples were ground into powder of the same particle size and analyzed using a 2400CHNS/O Perkin Elmer Series
II Analyzer at Peking University Analysis and Testing
Center. The results showed that the mean C, N, and H percentages in sawdust were 46.27%, 0.085%, and 6.22%, respectively, and the average C, N, and H percentages in grass powder were 42.87%, 0.60%, and 5.94%, respectively.
RESULTS AND DISCUSSION
COD COD is an important indicator of organic load of urban runoff. The COD load in effluent from TSISHDs was significantly lower than the initial levels. As shown in Figure 2 , TSISHD showed effective removal ability for COD.
Specifically, the COD concentration decreased to 40.00 mg L À1 on day 23, giving a removal efficiency of 81.82%, after which the average COD removal efficiency in Effluent A from the AES was 87.33%. These findings indicated that biofilm formation for AES was completed on day 23. Conversely, although most COD was consumed in the AES, the COD concentration in Effluent B continued to decrease. Similar to Effluent A, the COD concentration in Effluent B decreased to 117.33 mg L À1 on day 1, giving a removal efficiency of 24.79%, while it was reduced to 13.33 mg L À1 on day 23, after which the COD concentration was kept almost constant.
These results showed that ANS also had the capacity to remove residual COD from AES, as indicated by the average COD concentration in Effluent B being 31.90 mg L À1 . Therefore, TSISHD exhibited high performance for removal of COD, with an average removal efficiency of 88.29%, which was better than the efficiency of 68.67% reported for multilayer infiltration systems (Hou et al. ) .
The COD values from Effluent B changed greatly throughout the operation process, and were greater than that of Effluent A during the beginning of the experiment. This is because the filter in the ANS column contained sawdust and grass powder, which dissolved organics continuously. The average C percentage of sawdust and grass powder reached 46.27% and 42.87%, respectively, both of which led to increased dissolution of organic matter in the ANS column.
As shown in Figure 2 , the total COD removal efficiency was more than 75% and the average removal rate reached 88.29% from day 23. In the earlier stage, the grass powder could dissolve a great deal of organic matter in a short period, ensuring that anaerobic microbes quickly adapted to the environment. The organic matter dissolved from sawdust decreased and the dissolution became stable during the late ANS, which enabled normal microbial growth and stability of the system. Accordingly, the COD of Effluent B was much greater than that of Effluent A during the beginning of the experiment, while in the stable stage the COD value in Effluent B was greatly reduced, with most samples containing less than the 40 mg L À1 set by the national quality standard of China (Environmental Quality Standard of Surface Water in China, GB 3838-2002) for class V surface water ( Table 2) .
The COD removal observed in the developed system occurred via several pathways: (1) COD was consumed as nutrient during growth of aerobes in AES, which is similar to the results of a study conducted by Sato et al. () ; (2) COD was used as an organic electron for heterotrophic denitrification in ANS; and (3) the activated carbon granules in the mixture adsorbed a portion of COD (Zhao et al. ) in both AES and ANS, especially during the initial period of the experiment.
NH 4 + -N
As shown in Figure 3 , AES showed good ammonium removal capacity, with an average NH þ 4 -N removal efficiency of 91.80% being observed in Effluent A. This was mainly due to ammonium adsorption by zeolite in the filter materials. Pell & Nyberg () reported that better surface transfer of oxygen via soil aeration benefited the growth of nitrifying bacteria, and that more than 80% of the NH þ 4 -N could be removed from the soil surface under hydraulic loading of 6.7 cm d À1 .
Conversely, the concentration of NH þ 4 -N in Effluent B from ANS generally remained below 0.5 mg L À1 , which met the national quality standard of China (Environmental Quality Standard of Surface Water in China, GB 3838-2002) for class II surface water ( Table 2 ). The average NH þ 4 -N concentration in Effluent B was 0.36 mg L À1 with an average removal efficiency of 92.05%, indicating that the residual NH þ 4 -N from the AES was used in the ANS. The decrease of NH þ 4 -N in the ANS was attributed to adsorption by the filter materials.
Both AES and ANS showed removal performance on NH þ 4 -N, even on the first day, with 81.73% and 89.75% removal efficiencies, respectively. Nevertheless, the nitrate concentration in Effluent A (Figure 4 ) was less than 15 mg L À1 before day 13, and reached 51 mg L À1 on day 21. In other words, the NO À 3 -N generation rate was unable to keep up with the NH þ 4 -N removal rate. Therefore, the NH þ 4 -N removal during the initial period (until day 21) mainly resulted from adsorption by the mixed filter materials. Zeolite has been shown to have an excellent adsorbing effect on NH þ 4 -N, and such adsorption follows the Freundlich model (Zhao et al. ) . In this study, a series of batch tests were also conducted to estimate the adsorption capacities for different materials. The results suggested that zeolite had a 10.13 mg g À1 saturated adsorption capacity for 48 h, and the best performance among sand, volcanic material, and activated carbon (data not shown). As shown in Table 3 , zeolite accounted for 10%
(v/v) of the mixed filter materials filled in the reactor, weighing 10,500 g. The average influent NH þ 4 -N concentration was 4.61 mg L À1 , and 89.75% NH þ 4 -N removal in the reactors on day 1 was hypothesized as the adsorption efficiency, 39.71 mg NH þ 4 -N could be adsorbed by the zeolite in one set of reactor (AES þ ANS) every day (9.6 L synthetic runoff water) for every system. However, 10,500 g zeolite could adsorb 17,728 mg NH þ 4 -N calculated using an HRT of 8 h, then divided by 39.71 mg d À1 , calculating 446 days as the theoretical saturated adsorption period for NH þ 4 -N. It exceeded the 21 days mentioned above, after which the ammonia removal was considered resulting from microbial activities. In addition, zeolite might never achieve a practical saturated adsorption for NH þ 4 -N owing to the oxidation of NH þ 4 -N. Thus, the NH þ 4 -N removal was due to both adsorption and nitrification.
After day 14, nitrifying bacteria gradually formed a biofilm, at which time the conversion from ammonium to nitrate by nitrifying bacteria gradually became the dominant mechanism of removal instead of adsorption. Overall, the average NH þ 4 -N removal efficiency of the entire system was 92.05%, and the highest removal efficiency was 100%, indicating that the TSISHD had high NH þ 4 -N removal and that artificial aeration could enhance ammonia removal in the soil infiltration system.
NO 3
À -N and NO 2 À -N Nitrate is an important indicator of water pollution, and its high concentration in freshwater bodies leads to eutrophication. In this study, treatment of effluent with the experimental TSISHD had a significant impact on nitrate concentration. As shown in Figure 4 , the concentration of NO À 3 -N in Effluent A was 1.25 mg L À1 on day 1, then increased rapidly. After 15 days, the NO À 3 -N concentration in Effluent A had increased to 40.61 mg L À1 , and it continued to increase to the highest concentration of 51.04 mg L À1 until day 21.
The NO À 2 -N concentration in Effluent A was 6.68 mg L À1 on day 1, after which it decreased to 0.93 mg L À1 on day 16 with small fluctuations. The concentration then decreased to between 0.02 and 1.24 mg L À1 , giving an average of 0.25 mg L À1 .
As discussed above, the average NH þ 4 -N removal efficiency in the AES was 91.80%, and it was believed that all of the NH þ 4 -N was converted into NO À 3 -N. Based on these findings, a theoretical average NO À 3 -N concentration of 4.61 × (62/18) ¼ 15.88 mg L À1 could be obtained from AES. However, the average NO À 3 -N concentration detected in Effluent A was 26.77 mg L À1 . This discrepancy was probably due to the influent nitrate not participating in the reaction, but being directly discharged with the effluent.
The NO À 3 -N concentration in Effluent B remained in the range of 0.00-5.67 mg L À1 , with an average concentration of 0.88 mg L À1 , giving a removal efficiency of 82.50%. These findings demonstrated that ANS had high denitrification performance.
Rapid degradation of organic matter in the AES column led to a lack of carbon available to the denitrifying bacteria, and the aerobic environment in the AES column was not conducive to the growth and reproduction of denitrifying bacteria; therefore, NO À 3 -N accumulated in the column. Conversely, although there were occasional fluctuations, the NO À 3 -N removal rates in the ANS column were high, with an average removal rate of 82.5%. The removal efficacy of the TSISHDs was similar to those observed in constructed wetlands by other researchers (Prabu & Udayasoorian ; Calheiros et al. ; Tomar & Suthar ); however, the systems developed herein require much less space. In general, denitrification processes involved the initial NO À 3 -N reduction to NO À 2 -N, followed by further reduction to nitric oxide (NO), nitrous oxide (N 2 O), and finally, molecular nitrogen (N 2 ) (Delwiche & Bryan ).
The higher removal efficacy in this study was mainly because sawdust and grass powder within the anaerobic column, which contained an average of 46.27% and 42.87% C, respectively, continually dissolved, providing sufficient carbon for the growth of denitrifying bacteria.
In addition, NO À 2 -N added to the influent and generated in the AES was mostly removed by the ANS, with an average NO À 2 -N concentration of 0.09 mg L À1 and an average removal efficiency of 98.58% in the ANS from day 17.
TP
As shown in Figure 5 , the average TP concentration of the AES was 0.80 mg L À1 , giving a removal efficiency of 60.31%. The removal was mainly due to adsorption and consumption by micro-organisms.
The average TP concentration in Effluent B from the ANS was 0.40 mg L À1 , meeting the national quality standard of China (GB 3838-2002) for class V surface water (Table 2 ).
In addition, the total removal efficiency of the reactor was 78.10%, which was better than the efficiency of 60% reported for bioretention systems (Ergas et al. ) . It is believed that the volcanic materials in the mixed filters As shown in Figure 5 , the ANS column had greater TP removal than the AES column. This was because the ANS column contained iron, which can induce phosphate precipitation, enabling increased TP removal from the influent water. Luanmanee et al. () obtained a similar conclusion in a study of a MSL system for domestic wastewater treatment, indicating a good ability to remove phosphorus that was mainly related to mixed media diversity and different filter materials having the ability to absorb phosphorus. In addition, iron and phosphate in the ANS column reacted with water to generate phosphate that could not be dissolved, which resulted in the interception of phosphorus.
CONCLUSIONS
A two-stage soil infiltration system incorporated with heterotrophic denitrification (TSISHD) was constructed for treating synthetic urban runoff. Sawdust and grass powders were added in the ANS to provide organic carbon, which was needed for the denitrification process, while the reduction environment was improved by the addition of iron in the ANS. The results revealed that the mixedmedia filled system solved the clogging problem that occurs in traditional soil infiltration systems. The system also showed good performance for treating synthetic urban runoff, and the corresponding effluent concentrations met the standards set by the national quality standard of China (Environmental Quality Standard of Surface Water in China, GB 3838-2002) for class V surface water. The removal efficiencies were significantly higher than those of the previous soil infiltration systems without inoculated microbes. The majority of COD and NH þ 4 -N were removed from the AES by aerobic respiration and nitrification, respectively. Phosphorus was primarily removed by adsorption, while nitrate and nitrite were reduced by heterotrophic denitrification in the ANS. Further investigations will be carried out in aspects of the design optimization by response surface methodology to adapt to different urban runoff regimes. 
